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@ Appllcfltleii of tetrathleMhretenee In Moeleetreehemlcal preeetses. 

@ B loelectrochamlcai prooaeaes use tetrathlafutvalenoe 
niF} B» a mediator of olactron transfar batwvaen biological 
eystema and atsotroctas. TyplieiUly ft fbtda use In tloelectro- 
chemlcol asaaya, e^, trtvoiMne olucoae oxidase medlatad 
oxidation of gluooae. The TTF may be Immobilised on the 
etoctrode aurfaoa. as may one or mbra enzymes Involved tn the 
prooess. 
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Deacr^on 

APPLICATION or TETRATHlARJLVALEfJES IN BtOELECTBOCHEMlCAL PROCESSES 

Reld of the tnvantton 
The prassnt invention relates to the use of tetrathlafuN^ana CTTF) 
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and fte deifvatfvea as medtatorcnalBCules In the transferor atectrone between redox systems and electrodes m 
bTpelectrochemfcal processes. Such processes may be for example bloeleotrDchemlcal essw procedurea 
bTologlcaf fuel cefls and b!bBleciro$ynthesIs of chsmteals. 

Background to the fnvantjon 

The elecirachBmlatry of ooddoreductaees has recefved considerable attention In relation to appQc&tlons In 
enzyme electrodesd^). Many of the eanw conefdemtlons appV to their use In {mmunoassay end other 
en^nne-lebelled assays e^. DNA and RNA probe assays. In psrticulftr. hIghV efflclent coupling of enzymlo 
actlvfty to the etectrochemlealdeiector Is essential for eenalthra and rapid assays. A number of opproaehw for 
ttia realisation of electron transfer from blola^cal systeme to emperometitc electrodes have been described^ 
but arguably the most effective Is the use of low mofecutar weight medistors to shuttle electrons between the 
catalyst and an electrode. Various mediators that have been raporfed for use fn enzyme electrodes, such as 
fenrfcyanlde(&). tstracyanoTp<^ulnodImethane(e)and fBrracene(7-«) eou^ 
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Mediated enzymemnked Immunoass^. In which e GOD label was monftored using a ferrocene derfvatlva, 
was flrstreportsd In 198500). A mora elegant possibility Is the use of the mediatar moTecule es a labeL Weber et 
^produced a confugate of morphine and ferrocene cart>oxyirc add. They showed that the electrochemical 
oMB&m of the tarrocene label was reduced when morphine antibody bound the cohlugste and used this 
prln^le m a displaoerhent assay for codalne (oee (a) below). Since the key to practical oxldoroductase 
electrochemistry la the availability of a mediator such as ferrocene, ft was apparent that this principle couW be 
used to trigger an etectrochsmlcalty coupled enzyme^cataV&ed reaction (see (b) below]. 
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The effecttvG rBpydlng of the ferrocene by GOD reaulta In a further empfificetlon of the signal over 
electrDChemlcsl noise due to elactmaotfve eubstancee present In the sampl& 

Oectrochemlcary coupled enzyme reactlona mcy also be acthnfted by providing mlsalng cofaciora or 
coenzymeaai). Qulnoproteln dahydrogenasee oouid prove partlcularty valuable In this reepsct 

Mlmmunoasaayforprostatloadd phosphatase (PAP), aprostatetunriornrmrtcerf^ which 
reHfis on enzyme ampltftootlon ts shown belowaa). 


Pt 

electrode 


2e-^ 



2Fen(CN)6' 


2Pein(CH)^ 


KADP 


PlV^ 



KAD 


Ethonol 


KASH 


Alcohol ^ehTdrogenase 
^ Acetaldeh^e 


The caialyttc actWKy of the enzyme label (elkailne phosphatase) used In a sendvirich ass^ Is monftorad by 
i ?!^*® substTBle NADP+ leading to the formaKon of the dophosphoiylatad product NAD*. The 
NAD+ formed enters a redox cyoJe Involving the enzymes alcohol dehydrogenase end dlaphorsae leading to 
the reduction of a medTatw (ferricyanldej. aectrons from the NAD+ZNADH r^ox cycle passed via the 
d aphorase to the Feiu(CN)e/Fei!(C»Oe couple. The reduced apedes Fea(CN)a was reoxidlsed at a platinum 
el^rode at 4fi0 mV versus a saturated calomel electrode producing an emperam trio respons . 

Similar principles mcQf be applied to other efflnlty laactlons such as DNA and RNA probe assays. 

Arn»*romatris arttyma m tmi ^ u vuimm hvm» b*M inM»«fti0««M« In «w»iioh eivotToao hoa ft oonouctlve surTBca 
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r? 2 7'•t»'^H» elaotrteal eonduetivRy ('oiganle meW). Them sub umcM am 

molecule. The prinotpa^ invsst^tions have iMen with 7.7A8-tatreeyanoqulnodlih8thana OCNQI m ateeSSn 
5 t^^^^ N^yH*«na«nIum (NMP) as electron <i<^o7^!S!^;SiSS^^* tSSS 

"«*««^. the present liwentlon is dealhg wMh (he use cT TTF In a dlKS 
contort; uneompiaxad. as a mediator of electren transfer. amBreni 

Summary of the Invonflon 

ffl nto^^l"!!!!^ ^ ? P™**"* mvsntion there Is provided a Uoeleetroehemleal proeese InvoMng 

mtSSr^'J!!"tl!l*l!2?' f "» eleolrodB. ehamcterfsed In thai sefd eleclrKnSSr to 

'X.t*^*'!?^"!'* n»t«»elno«n •oroanle metal- complex. The TTF Is prefteably deposR^wTttie 
?rSSS?«^^.. ^.-^^w'"' aolutten. An oxTdoraduetase arayme may be (mmobllhad on tfie The 

EX p^s^ 

T5- . 

Brief darertpflon of the drawinga 
untnerfe^rea ome (nvenOon wfll be described with laferance to the aceompanyins dnwfnga. wheraln- 
RflJahowsadlaorammattecroas^BBltenalaldevtewofaneleeiredS; •* ' *» "rmaa. wwrwn. 
Ra2 Is a graph showing cumnt potanlfal response of a TTF^nodMed glucose oxidase electrode- 

RgX la a graph showing a pH pralllB ofihe TIF-niodHIad ghieose oxIdsM alactrode - 
RSilsagraphshoiiirtngtwnpBrBturerBsponaaoflhflTTl^dif^ 
■iTpid!fw^?2?/' ahowfcjg the alitet of nltrooan and oxygen saiuraifan on the anodic current of a typical 
TrF-modlftodfllucoseoiddasaeleolrpde.alaati«BtfngglucoaaconcemfBaon: "«»n»waiypiBai 

ghSiwnSSSST"'*' 

(cu^^sfSe'SSSd'""^"'^ '^^ and without 

TT^2i?wffl-JSl!llf!!r*'^ IS^IJS?!! ««VB of ateady state currant versus glueoae concantnoion for a 
TTF-modffladeIectrodBon«*I<AGODhaabaenlmmobirisedbyanlmpravBd|w^ ouomora 

^ Detailed dasolollon 

OonstrucHon of Beetrode 

AJ As Shown In Hg. I an electrode O Is constructed (rem a 6j0 nun dtemata^ 
40 SS!**t'°h "l."" ^ pnK^ eoda gtass tub. IB. 7JQ mm In dl^. uJ^^pm^SiS 

_B) 10 rag of Tff (FLUKAJ ware added^te 

bolwaan eartxnwl and amino graups. The eteetrodTwas rinsed 

rfnsedin20mMphoi3phatBbuftarpH7andWB8r«idytou3a. i.w«bi«w 
J^H^^S? ^D^SIl ^J!S^ wjfertwd ftom avareglng the output of llva eleetredes oonstrueted and praparad 
SS surface araa. However, careful eonstrucSon can Increasa the conslstaney betimien decbode^. 
Apparaius • 

>A«!lt operMBd using a BBC S2K mterccomputsr via a programmablB bloaansor Interfbea 

fiff 200 nrt/ >wr»ue Ag/Agci or too rrtV voTsus saturated eai mal el ctroda, 
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Buffarfl and Reapenta 
The dtantfard tuffar waa 20 mM codlum phoaphate pH 7,0 containing OA M KCU 
The biiffer« used for the pH profiles contained 0,1 M KCl and ware as followa- 
pH 4,0, 20 mM citric acid-Naa HPO4 
pH 4w4, 20 mM chdc acld-Nas HPO4 
pH 5,0, 20 mM citric acld-Nas HPO4 
pH 5.6. 20 mM sodium phosphate . 
pH 6.3, 20 mM sodium phosphate 
pH 7A 20 mM sodium phosphate 
pH 7^ 20 mM eodUim phoaptiata 
pH 6w0. 20 mM sodium phosphate 
pH OA 20 mM sodium carbonate 
f.i^iJ^^J'^®^ electrode system lacked OJ M KO. Glucose was Introduced Into the system bv 

. p-anomere. All chanilcals WBTS of analytical oraclo. 

CailbrBtton at Vne Enzymo Electreda 
Ttja curraitt vottaga response obtained for the TIF nuxWIed glucoae oxidasa (QOD) elBetrodes la ahown in 
^^T^, "^"J^"^? the cuooma BN«n by tl» aleelrodB m 'the abaen^rt oiicS^S 
currente fllven fay the elaetrodea in the presence of ehicoae. el varloua opareting potentlab. The olata^ 

potenttelsnear the lovmrend of thia region that the eleetrbdaa ware operet^XianrtrtSo 
the effect of amaO fluctuations In the referwtea potential. whOat alao mlnMatng the wnowit 

enzyme-Independent oxidation of redox apaclas present In aamplaa/Controlelacthx^ es 
gave no currant In response to glucose. • waiBH»«iH urorouu es 

fi,TT S!!!?**^'* """^ Bteadjwtate euirent response In the ranga 0 to 25 mM (Flg^). Above 25 mM 
the ^ibration eun/e became nonpar aatureting at 70 mM glucose. Thlavwa eonalstam wftnoiwloua 
.']^«i^nf" II''.^'™**'^?' waa eonsldared to be a reflection of the inherent enzyme Mnetlra of tto 
Immobmsed glucose oxidase under these oondltlons. The responae of the electrode to glucose waa rapid- the so 
electrodes lyplealfy tookS to 5 minutes to reach a ataadj^atate current. 90(M> ofthte responae being adilevad 
60 lo SO ascondfi after the glucose addition. The atandam deviation emir bara^hown IrTFtaa ft^ 
tech^lSe different electrodes Indicate the repradudbllUy efbrded by thie simple fabrteetlon 

pH Profile of Enzyme Electrades ^ 
Thl^-fl'Sf^-'f snodiccunent of the electrode was Investigated owrthe range. pH Mto M (Flg.4). 

SSi^.'^J^Sr???'* St pH7^ to redueethaer^r between eleJpodee 

of different Initial activity. Trie electrodes demonstrated an optimum at pH 7£. This reault Is In agreement 

optimum of 53 to 6.7 whan oxygen Is the electron accaptorOT). ttf replaces omaen In thS natl^a^Jhthte 
r^JfJ^if ^ 'I:.' f'^^'^^'^^r^aoo p.raxlde.^T1,ls results Inlu, ^5^S!;Kl^ose^Si5S 
1^^^^^"^^"° tt'e mtero-envlranment of the enzyme become more acidic and producing an epparen^ 
Sa^^ PHoptlniiinifortheenzyme. The extremes of the pH range gave risetodB«aunBioi?of theenzyr^ 

• ■ ■ . "' " 4S 

The Effect of Temperature on the Enzyme Electrode 

The effect of tompereuira on the elaotrade was investigated between 4 to 60"C. Flg.6 ahowa the tvnleal 
Increase of an electrode's ateady-atate current in response to Increaaing temperature at aotunrtlna 
rb^eTJ^S,^'" .r TSf". Of fte graph there «, 

i;^^.!i«^H Ptoteeased to ba ffiwar due to themtal denaturatlon of the enzyme electrode. When 
{S!25?nS ^ ™* *** being more severe at higher 

The Effect of Oxygen on the Eraevme ElsctrDde ' ' ss. 

®w« nitrogen and ex^am saturation on the anodic current of a typical 

TTF^flwdlfiad flUicoae oxldma electrode, at eaturattng glucoae concentration (Glucose - 100 mM). - 
i; ^^iT'^^ achieved Irnm the electrodes when operating m oxygen-eatwated buffer ware iS.I<Vb ±' 
IfTi } V ^rJilf" PBakcwronte obtained m nitrogen aatureied buffer. The dectrodesmre poised 
-Ll^- '^"^ ^ "^^ Ag/AgCO and any HaOa produced would not have been oxWIsedS the eo 
S»m "SS vJ?" "5^°" hlorterenpe^ect waa the reeutt of competition between TIF and oxygen tor elee^na 
^^^^y^'^^^^^T^^'T"^ ^ ^ madlaior to have a high afHnlty tyw^ctrena aiSfcM 
electron iransf r Idnetles. When the eleetrodee ware operated In air saturated buffer the reduction In current 
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Stabfllty of the Elflctrodea 

s When freeh elsctradas war» nin under eaturaVng glueoee coneantreifone 180 mM) fha (uah- ^ 

eonsumptfon of the glueoee by glucose oxidase, since further addKUms of tfiwoM rtdnitaSTS. ♦« ^^1. 
cunrents. When tansferred to fresh buffer containing SO rm^^bS^^^^^S^^^^", 
actfwBy could be regained. When this process was repeated vKTaiS^SSlSlS 

uufTor P'w.u or 4 lor 5 weeks. Aftar this tlmo the electrodes produced normar rBsoartMA tn n^tiwJuT^ 

IS . . 

TTF-modWed Glucose Dehydrogenase 

.♦.TS!' J'^'^SSfL"*' ' detTdroaenaae. qulnopretaln glucosa dehvdreganase {EC l±99J7» v»a 
atudleiTWa NAD-lndependem ghiedse dehydregenaae b of partteutor Werert toWoaer^ 

Hie base eiectredea were constructed and aet up as deseilbed orevloushr A atandani diaiMbi »,.nh». 
waabonad In HM» EDTA ftorB minutes and V^Txho^SNS^^S^^^i^^^ tSI^^SSSS 

fromACTietobaetercaleoaeHcua (50 pQ waaeppUed to the aurfeea eftha e)e«Srode and retahM^bahin?! 

^ The Use of -ITF with L-a mlno-actd OxTdaae as an L-anHno-add aenaor 

^Pr^mlnaiy espenmen^ ware aiao peilOrmad on an L-amIno acid aensor using TTF as a mediator L-amlno 
acid sensors wars eonstnicted essanttalhr as descrtbed bv Dicks at id aei with o^-h^ ^^J'-rJ?^ 
usedas an ImmoblHaed madlalorihthepie Of 

ss JL^iJ^^l^p'r^^^ 

40 mg of TTF wee dfs^fved \n I ml of TWeert^ frrade MarW/Thte solution was mode ud to km mi whh on 

® •^«*«» Irenafar from the gluceae oxldaae to the electrode via TIF 

Seizor With Improved Enarnre tmmobinsgaon 

cari 09 improved wfth a eupanor Inunotxm&atlon method. Qlucose exfdssa !s a akcMnyurrm f*-nnt«ini««wni 
c^ohydratB chains rather than through amino add re^^ »r -no w an eiecnooo via ite 

mlI?2^gS!:2^^^ "llfi** ^ ^'^^^^^^ wfth K) mo eodliinHnetfl-perfodate In 5 ml 200 

^^^l^^n^l'^^^ dark at4-aThe en^o «ms desalted u™aS^^^^ 

fiff hmlJl^TLi » iSr ^ « . ™ flraphlie base electrodes warn Immersad in « «oiutfon «f 
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fil".^r!tf.21 ^ !f'*?'lL*'" P*^** In a solunon of TTF In Bcntone (10 mfl/ml) and tofi for I h ur at room 

to air <*y. FoBowIng this preoadurG. the laetrodaa warn ptS 
^I^f.SST^S^*'^ fllucose oxidase Bolutloh and Incubated atVoom tomparatura fbrMmU^Stea Aftor 
M mM «^"t2^K ^^"^ electrodea wotb ImmodlataVplacadIn a«ilutlon ofadlplcdlhyS^dafn 

i! -2.!^. . « 'n dlrtUlBd VMBtar and ware ready for uaa or stomga In 20 mM phosphate buffer pH 75 «f 4-c 

ff^^t.«. -Ji ^ ^ no^4lnear a. the gluooae concentration approftehadetecS2.de 

salufaflom The current rwponae of the electrodes wu Woh. The iveponse of the aleSrode was n^M^nd 
fuZ!?^*««2* ««h «wt»odnnyde tneatad •l«»odes. taWng a-» minute. tVSinLSiS 

^^^J^ response babiB reached In 6^80 eeconds. The half ^Ifa decay of this oleobSeT^onM 
at saturatms oluoose coneentratlons (SO mM) was ea. S5 houni. This was an ImprxmnSm otfsomrS 

^I^H S^S^*^**^ ^'^t'^ •!«ct~*s. Thte method can be fiirther lhv,rove7S^e useT^Sd^ 
oxidised dsxtran to crosa-nnk the araeyms with adipte dlhydrezlde. jr «•» oi panoaara 


Conclusions 


r^f^ft!^^.^ on TTF «tf,lblt«d fast electron transfer, low oxygen Interference end a npid 
W"' J?Pn«^"e«»e perfonmanee bstwaan eleetrodas. The effect of pH agrees with other 
pubHshsd data regarding glucose oxidase end artmdal electron accaptorsdwei. The pH oMlmi«n howwTr 
!l°l'"^^J!"!2r' Praaent'd on pH dependanee of fartooine medtoed Tms^ 

electrodasts) Preeondttloned alootrodes ware reasonably stable and may be suReble fbr use "onSh^ 
teats using disposable eleetrodas. Short term continuous use would also be possible 

? K-STJ*!!^^* 8^2"^°' eraymes. ceU ftagments. Intact ceHe. tissues or e^e 

labeUed ommty reactions. TTF derivatives, such as mono- or polyHwboxylle add dertwitlves br moS2^ 
po^lno dBrtvaaves. may be pref^-rable to TTF Itself In p^Z 
greater eolubflliy where the TTF Is to be used In solution, or In providing side grouMforllnk^nq So 

the electrode surttee. an enzyme, or both. Thus. TTF wfll be u^ful m I nui^eTrt cSSlSuoS 
which have prevlousty been demonstratad with other mediators. These Include- nnsuwoona 
eteL"?h'ScaV"Sve?2;f^ ~* " tnpnocarboxyllc add to an entyme thus rsndertng It 
(fl) the use of mediators for affinity assays (immunoassay. RNA probes and QUA probes) either as a 

(III) Btectrochemlcal applications such aa biological fuel cells and bioeleetrtwynthesle of chami^^ 
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Claims 


L A bfOBla^chemlcal proesss InvoMng electran transfer faBtiraen b redox system and an ^.^.t.. 

condoollw ch»B»«ansfercomplaxwfm an etectron acceptor mobcuta. etectrtcaJlif 
z. A procesa accorcflngto dabn I wherein the tatnEdtitaftilwalane Is In solution 

Ji^^^^^^^'Ss^ * " fl-y^'P"*"" "nmobmsed on the electrode 

«»^t.S'^'^SlS*'*r2!^*' ^ of the pnwedino ctamw wherein the process Invofues the osidatian 

.idilLdl'S^e'l.SS.b?^^ ^"^ » '-^^ op^^cuvs^aoa ^.o has an 
cS'nireSi^'^SS^^ *^ -"^^ to .fliycoprotau, and to In„nob„.aed onthe 

l3,Aneleclredeaeeordln8toeIam»BorctaIml2whw^^ 

M.AbtoaIectrofitenUealcellIneoiporBt!nganelBctrede<rfsny^ofo^^ 
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